O ligOdendrOgliOma is a rare primary CNS neoplasm in the pediatric population. 12 In contrast to its incidence in adults, the occurrence of pediatric oligodendroglioma is infrequent, which has resulted in a limited number of available studies that have characterized this entity. Thus far, in pediatric patients, studies have found inconsistent harboring of the 1p19q codeletion, 45, 50 which is a hallmark molecular feature in up to 90% of histopathologically diagnosed oligodendrogliomas in adults 57 and is therefore of significant diagnostic value. The pres-ABBREVIATIONS CCA = complete-case analysis; EFS = event-free survival; GTR = gross-total resection; HR = hazard ratio; IPD = individual patient data; MAR = missing at random; MCAR = missing completely at random; MICE = multivariable imputation via chained equations; MNAR = missing not at random; OS = overall survival; RT = radiation therapy; STR = subtotal resection. OBJECTIVE Oligodendroglioma is a rare primary CNS neoplasm in the pediatric population, and only a limited number of studies in the literature have characterized this entity. Existing studies are limited by small sample sizes and discrepant interstudy findings in identified prognostic factors. In the present study, the authors aimed to increase the statistical power in evaluating for potential prognostic factors of pediatric oligodendrogliomas and sought to reconcile the discrepant findings present among existing studies by performing an individual-patient-data (IPD) meta-analysis and using multiple imputation to address data not directly available from existing studies. METHODS A systematic search was performed, and all studies found to be related to pediatric oligodendrogliomas and associated outcomes were screened for inclusion. Each study was searched for specific demographic and clinical characteristics of each patient and the duration of event-free survival (EFS) and overall survival (OS). Given that certain demographic and clinical information of each patient was not available within all studies, a multivariable imputation via chained equations model was used to impute missing data after the mechanism of missing data was determined. The primary end points of interest were hazard ratios for EFS and OS, as calculated by the Cox proportional-hazards model. Both univariate and multivariate analyses were performed. The multivariate model was adjusted for age, sex, tumor grade, mixed pathologies, extent of resection, chemotherapy, radiation therapy, tumor location, and initial presentation. A p value of less than 0.05 was considered statistically significant. RESULTS A systematic search identified 24 studies with both time-to-event and IPD characteristics available, and a total of 237 individual cases were available for analysis. CONCLUSIONS The use of IPD meta-analysis provides a valuable means for increasing statistical power in investigations of disease entities with a very low incidence. Missing data are common in research, and multiple imputation is a flexible and valid approach for addressing this issue, when it is used conscientiously. Undergoing subtotal resection, having a parietal tumor, having tumors with mixed pathologies, and suffering headaches at the time of diagnosis portended a poorer prognosis in pediatric patients with oligodendroglioma.
ence of this codeletion, which has been associated with chemosensitivity and prolonged survival in adult patients with anaplastic oligodendrogliomas, 9, 61 was not found to have similar prognostic relevance for pediatric patients. 45 However, a few small studies identified other select factors that are of predictive value. 7, 11, 46 Pediatric oligodendrogliomas in the parietal lobe, of high histological tumor grade, and of mixed pathologies were each associated with a worse prognosis. 7 In contrast, children younger than 3 years and those who underwent gross-total resection (GTR) were reported to have better outcomes. 11 Overall, these studies were limited by small sample sizes, frequently discrepant interstudy findings regarding prognostic factors, 7, 11, 45 and a lack of multivariate analysis to account for potential confounding in the context of a retrospective study. Because of the rarity of oligodendroglioma and the limited number of pertinent studies in the literature, a meta-analysis might provide a more robust method for investigating predictors of outcome. In contrast to aggregate-data meta-analyses, in which estimates of treatment effects and their variance are obtained and pooled, individual-patient-data (IPD) meta-analyses entail obtaining or extracting actual raw data from the original study and might be considered the gold standard of metaanalyses. 23 IPD meta-analyses have been applied to not only prospective randomized trials but also retrospective studies. 10, 54 Given that the majority of studies on pediatric oligodendrogliomas have presented clinical characteristics and time-to-event data at an individual-patient level, available information can be extracted directly from published observational study reports and used to perform an IPD meta-analysis. However, the occasion frequently arises in which a certain clinical or demographic feature that might have been available from other studies is unavailable from or incidentally not presented in the study of interest.
Various approaches to addressing missing data exist, including requesting raw data from the authors of a study and performing complete-case analysis (CCA) or multiple imputation. Requesting data requires strong interest, cooperation, and considerable time, resources, and perseverance, and it often is not feasible. CCA, which excludes all cases with any missing value in any variable from the analysis, often reduces the sample size and consequent precision of the estimate. 64 Last, multiple imputation, a statistical approach to handling missing data, fills in or "imputes" missing values and thereby preserves the full sample size and circumvents certain biases and loss of precision. 53 Multiple imputation is often used in clinical research to address the dilemma of missing data, which is commonly encountered, 1, 2, 4 and can be achieved with a 3-step process. First, plausible imputed values are generated multiple times based on the observed data to replace the missing values. This process results in multiple versions of "completed" data sets (imputed plus observed values). Generating multiple plausible imputed values and data sets injects necessary uncertainty into what the missing values might be and prevents the false precision that often occurs with single-imputation methods. 29 Second, each of these data sets is simply analyzed individually, as if no data were missing, using any statistical test deemed appropriate to address the question of interest and to obtain the appropriate estimate (e.g., Cox regression, Student t-test, Kaplan-Meier analysis). Third, the estimate of interest (e.g., hazard ratio [HR], odds ratio) calculated from each data set is combined into a single estimate following accepted combining rules. 51 In this study, we aimed to perform an IPD meta-analysis to increase statistical power to assess for potential prognostic factors of oligodendrogliomas in pediatric patients and sought to reconcile the discrepant findings present among the existing studies. We systematically searched for clinical, demographic, and survival data on each case of pediatric oligodendroglioma available from published study reports. We then used multiple imputation to address data not directly available from published study reports. Imputed data sets then were used for univariate and multivariate Cox regression to identify potential clinical prognostic markers.
Methods

Search Strategies
A systematic search strategy was used to identify pertinent studies. A search of PubMed, Web of Science, and Embase was performed to provisionally identify studies related to pediatric oligodendroglioma. The following search terms were used: "pediatric oligodendrogliomas," "childhood oligodendrogliomas," "oligodendrogliomas in children," and "adolescent oligodendrogliomas." In addition, references within studies were reviewed manually for any study reports that we were unable to retrieve or identify through a computerized search.
Selection Criteria
All studies related to pediatric oligodendroglioma and associated outcomes were screened for inclusion. The following key inclusion criteria were used: 1) the original paper must have been published in a peer-reviewed journal; 2) the patients must have been aged 21 years or younger; 3) the diagnosis must have been pure oligodendroglioma or mixed oligoastrocytoma; and 4) the paper must have provided durations of event-free survival (EFS) and/or overall survival (OS), defined as the time period between initial surgical intervention and recurrence/progression and/or death, respectively.
Individual Patient Data
Each study report was searched for demographic and clinical information of each patient, including age at diagnosis, sex, presentation at onset, location of tumor, extent of resection, presence of 1p19q codeletion, tumor grade, diagnosis of mixed or pure pathology, use of postoperative chemotherapy, use of postoperative radiation therapy (RT), durations of EFS and OS, duration of follow-up, and clinical status as of the most recent follow-up visit. Given that use of a tumor-grading system was not uniform across all studies, tumors reported as benign, low grade, or Grade II were categorized as low grade, and those reported as malignant, anaplastic, high grade, or Grade III/IV were categorized as high grade. Surgeries that were reported as partial, nontotal, or incomplete resection or biopsy were categorized as subtotal resection (STR). Mixed oligoastrocytomas and mixed gliomas were categorized as having mixed pathologies. Minimal success was achieved with our attempts to request information from the corresponding authors that was not readily available in published study reports.
End Points of Interest
The primary end points of interest were HRs for EFS and OS, as calculated by Cox regression, in patients with the following analyses: age as a continuous variable, male versus female, headache as initial presentation versus presentation other than headache, presence versus absence of 1p19q codeletion, STR versus GTR, high-grade versus low-grade tumor, mixed versus pure pathology, use of postoperative chemotherapy, use of postoperative RT, and parietal lobe tumors versus those in another location.
Statistical Analyses
Given that certain demographic and clinical information of each patient within all studies was not available, a multivariable imputation via chained equations (MICE) model was used to impute missing data.
53 Figure 1 summarizes the approach of using MICE to address missing data. For reference, a more detailed explanation of the MICE process was described by Azur et al. 3 Before imputation, we identified the mechanism of missing data to assess whether the data were missing at random (MAR) or missing completely at random (MCAR). Data were considered MAR if they depended on the observed data, and data were considered MCAR if they did not depend on the observed data. A missingness-indicator variable for each variable with missing values was created; this indicator was given a value of 1 if the value was missing and 0 if it was observed. The relationship between each missingness-indicator variable and observed variables was evaluated using the chi-square test or the 2-tailed Student t-test when the observed variables were categorical or continuous (e.g., age), respectively. Statistically significant associations (p < 0.05) between missingness-indicator variables and observed variables are suggestive of a MAR mechanism. 4 Linear or logistic regressions were used in imputing missing data for continuous (e.g., age) or categorical (e.g., sex) covariates, respectively. In contrast to other multiple imputation procedures that assume that data are normally distributed, 58 MICE entails no distributional assumption and therefore can be used for categorical and binary variables. 4 Variables included in our imputation procedure were censored status, duration of EFS or OS, age, sex, tumor grade, presence of mixed pathologies, extent of resection, postoperative chemotherapy, postoperative RT, tumor site, and presentation. So that the MAR assumption would be reasonable for our imputation model, we included as many variables as possible, 65 including auxiliary variables (those not included in subsequent analyses), outcome variables (because ignoring the association between the predictors with missing values and the outcome would dilute the estimated association between the predictors and outcome 36 ), and any variable that was included in the subsequent Cox regression-analysis model. MICE was performed using Stata 13.0 (StataCorp LP) and the Stata command "mi imputed chained." To mitigate overstating the precision and to properly reflect for uncertainty in the The mechanism of missing data is determined first. MCAR data can be addressed using a CCA with unbiased results. MAR data cannot be addressed using CCA, so alternatively, multiple imputation is used. The first step entails generating multiple imputed values to replace the missing values, which results in multiple "completed" data sets. The second step entails performing standard survival analysis on each data set, as if no data were missing, using the Cox proportional-hazards model to obtain multiple HRs. The third step entails combining the HRs from each data set into a single estimate using accepted combining rules. Our data were not MCAR, so CCA was not a valid approach. The CCA data are presented here with the intent to evaluate the adequacy of multiple imputation, not for purposes of interpretation.
imputed data, missing values were imputed 10 times each, which resulted in 10 imputed data sets. 53 The Cox proportional-hazards model was fitted individually on each of the 10 imputed data sets using the Stata command "mi estimate." Then, estimates from each of the 10 data sets (log-HR coefficients and standard errors) were combined and averaged to produce an overall estimate with its respective standard error, accomplished by using Rubin's rules. 51 HRs and their respective confidence intervals were then derived from regression coefficients and standard errors. A p value of less than 0.05 was considered statistically significant. Both univariate and multivariate analyses were performed. The multivariate Cox regression model was adjusted for age, sex, tumor grade, mixed pathologies, extent of resection, chemotherapy, RT, tumor location, and initial presentation.
For CCA, HRs and their respective confidence intervals were estimated from univariate Cox regression after excluding cases with missing values for any variable (listwise deletion). CCA is valid under the MCAR assumption but can introduce bias if the data are MAR, 51 which is the missing mechanism exhibited in our study. The CCA results presented are intended primarily to compare and evaluate the adequacy of the MICE procedure (as suggested by the guidelines of Sterne et al. 58 ) and not for purposes of interpretation.
A hypothesis test, performed on the Schoenfeld residuals, was used to confirm the assumption of constant proportional HRs over time for the CCA and imputed data sets for both EFS and OS. 22 
Results
Summary of IPD Meta-Analysis and Missingness
Our search identified 32 relevant articles regarding the study of pediatric oligodendroglioma. Of these studies, 5 presented time-to-event data but not at the IPD level, 13, 24, 41, 42, 56 and 3 studies did not investigate for the purposes of time-to-event data. 37, 59, 60 The remaining 24 studies included IPD characteristics comprising 237 cases (Table 1) . [6] [7] [8] 11, 14, [16] [17] [18] [25] [26] [27] 34, 35, [38] [39] [40] [45] [46] [47] 49, 50, 62, 63, 66 Depending on the variable of interest, the numbers of cases with missing values ranged from 1 (0.4%) to 93 (39.2%) of these 237 cases available for analysis; the median of values missing was 46 (19.4%) ( Table 2 ).
In total, 217 cases had data on the duration of OS and status of event (censored or death) available. In addition, 165 cases had data on the duration of EFS and status of event (censored or progression/recurrence) available. Listwise deletion in the CCA model, for which any observation with missing values in 1 or more variables was excluded, resulted in 79 cases available for analysis.
Assessment of Missing-Data Mechanism
The association between missingness-indicator variables and existing observed variables was determined to examine the type of missing-data mechanism (Table 3) . Unlike MCAR, an MAR missing-data mechanism allows for unbiased estimates with MICE. All calculations were performed using the chi-square test, with the exception of age analysis, for which the Student t-test was performed. The variable "presence of mixed pathologies" was not included as a missingness or predictor variable for the evaluation of association, because only 1 of the 217 val- ues was missing for this variable. The association between missingness of sex and the predictor variable "initial presentation of headache" was not calculated, given that no values of the predictor variable were nonmissing when the missingness-indicator variable of sex had a value of 1.
The p values for the associations between missingness of both postoperative chemotherapy and RT and other existing predictor variables were similar, because most studies without available data related to treatment with postoperative chemotherapy also likely did not provide data related to postoperative RT. Moreover, the associations between missingness of chemotherapy and RT and vice versa were not calculable, given that when the missingness-indicator variable was 1, no nonmissing values were available to use in the chi-square test. Overall, we encountered multiple instances in which the missingness of a value depended on an observed variable, which suggests that the missing-data mechanism deviates from MCAR and is more consistent with the MAR assumption. Table 4 presents the estimated HRs and 95% confidence intervals for predictors of tumor progression or recurrence using univariate Cox regression for data sets from CCA and MICE and using multivariate Cox regression for data sets from MICE. In the unadjusted models, both CCA and MICE determined that STR, postoperative RT, and initial presentation of headache were statistically significant predictors of tumor progression or recurrence. The MICE model also revealed that mixed pathologies was also a significant predictor of tumor progression or recurrence, whereas CCA also revealed that postoperative chemotherapy and high-grade tumor were also significant predictors of tumor progression or recurrence. When we adjusted for all covariates in the MICE model, STR, mixed pathologies, initial presentation of headache, and tumor located in the parietal lobe remained significant predictors of tumor progression or recurrence. Table 5 presents the estimated HRs and 95% confidence intervals for predictors of death using univariate Cox regression for data sets from CCA and MICE and using multivariate Cox regression for data sets from MICE. In the unadjusted models, both CCA and MICE revealed that mixed pathologies, postoperative RT, and initial presentation of headache were statistically significant predictors of death. MICE also revealed that STR was a significant predictor of death, whereas CCA also revealed that postoperative chemotherapy and high-grade tumor were also significant predictors of death. When we adjusted for all covariates in the MICE model, STR, mixed pathologies, tumor located in the parietal lobe, and an initial presentation of headache remained statistically significant predictors of death.
EFS Using Cox Regression With MICE and CCA Data
OS Using Cox Regression With MICE and CCA Data
Assumptions of Cox Proportional-Hazards Model
For univariate and multivariate Cox regression using the MICE data set, the null hypothesis of nonzero slope in a linear regression of scaled Schoenfeld residuals on time was not rejected (p value > 0.05, data not shown). Therefore, the log-HR function was constant over time, which satisfies the proportional-hazards assumption.
Discussion
In this study, we used an IPD approach to extract data from existing retrospective study reports to compile a larger sample size and therefore increase statistical power for performing multivariate survival analysis. The multivariate Cox proportional-hazards model revealed that STR, mixed pathologies, initial presentation of headache, and a parietal lobe tumor location were predictors of both tumor progression or recurrence and death.
Rationale of IPD Meta-Analysis
The majority of published meta-analysis reports were based on aggregated patient data with the intent to produce a point estimate of an effect. 23 However, IPD metaanalyses might be particularly suited for time-to-event data given the accessibility of actual survival time for individual patients within existing studies. 33 Lyman and Kuderer 33 pointed out that time-to-event analyses are often more powerful than estimates based on the limited number of time points available with aggregate data. The IPD approach results in a greater ability to validate the quality of data, conduct appropriate statistical analysis, and obtain a more global picture of the natural history of disease. 23 Given that most published articles on pediatric oligodendroglioma presented findings and time-to-event data at the individual-patient level, the opportunity to extract data directly from published reports exists. However, although IPD meta-analyses might be ideal, data throughout published study reports are often sporadically unavailable.
Multiple imputation was performed in our study to address the issue of missing data, and this method has been reported to be attractive because it yields estimates with good statistical properties. 
Predictive Value of Extent of Resection
Although the literature seems to suggest a benefit of completeness of resection in adult patients with oligodendroglioma, 15, 43 evidence in the literature for pediatric patients is less clear. A number of previous pediatric studies reported that the completeness of resection was not a significant predictor of outcome. 7, 41, 44, 46, 50, 63 In contrast, completeness of resection was a predictor of outcome in studies by Shaw et al., 56 Dehghani et al., 13 Wu et al., 66 and
Creach et al., 11 but only a small proportion of the patients in the Wu et al. and Creach et al. studies were of pediatric age. In another study, completeness of resection was also predictive of tumor recurrence or progression in cerebral low-grade glioma in pediatric patients. 42 The failure of some studies to find significance might be explained partly by the small sample sizes and relatively short durations of follow-up to detect an event. Variability in the extent of resection based on operative reports versus postoperative radiological assessments might play a role in the discrepant findings. Earlier studies were based more often on surgical impression, 13 ,49 whereas more recent studies were based on neuroimaging or both.
11, 41 The categorization and comparisons of resection completeness also resulted in interstudy variability. For example, studies compared GTR versus STR and biopsy combined, 11, 46 whereas 1 study compared GTR versus STR, partial resection, and biopsy combined, 25 and another study compared GTR versus STR versus near-total resection. 63 In our study, any extent of resection that was less than complete was categorized as subtotal (subtotal, near-total, or partial resection or biopsy). Biopsy without any form of surgical treatment did not necessarily portend a worse outcome, and our categorization of it as STR is unlikely to explain its worse prognosis; Wu et al. 66 found a better OS rate for those who underwent biopsy than for those who underwent STR, although meaningful assessment was limited by the sample size and wide confidence intervals. In our study, results of the multivariate analysis suggest a more favorable outcome with complete resection. Incompletely resected tumors might be associated with those of more central location and therefore increased surgical morbidity and difficulty with resection, a need to preserve eloquent tissues, a need for adjuvant therapy, and perhaps more infiltrative high-grade tumors. However, STR remained a significant predictor of EFS and OS after adjusting for postoperative RT, postoperative chemotherapy, and tumor grade.
Predictive Value of Mixed Pathologies
The significant association of mixed pathologies with poorer outcome in our study might be difficult to interpret. Older studies in adults found an intermediate prognosis range between those with pure astrocytoma and those with oligodendroglioma, 55 and whether the oligodendroglial or astrocytic component was predominant did not significantly affect survival. 55 Two studies in children found worse survival in those with mixed oligoastrocytoma than in those with pure oligodendroglioma, 11, 46 but in 1 of those studies, the finding was no longer significant after multivariate analysis. 11 Others did not find worse outcomes.
42
One study reported 5-year EFS and OS rates of 50% and 37.5% for low-grade mixed oligoastrocytoma and anaplastic mixed oligoastrocytoma, respectively. 25 However, as designated by the 2007 WHO classification, the diagnosis of mixed oligoastrocytoma is based on subjective histopathological morphological criteria. This classification allows for a wide range of diffuse gliomas that exhibit various proportions of oligodendroglial and astrocytic features to fall into this diagnostic entity 31 and results in substantial interobserver variability; 48 depending on the institution, the frequency of mixed oligoastrocytoma diagnosis has been reported to range from 0% to 80%. 52 Puget et al. 44 reported no difference in survival between patients with anaplastic mixed oligoastrocytoma, oligodendroglioma, astrocytoma, or glioblastoma and astutely attributed the difficulty in evaluating the prognostic significance of brain tumor classification and grading to the recurrent WHO classification revisions and low interrater reproducibility of diagnoses.
Therefore, despite the analysis and findings in our study, it is unlikely that our significant findings between pure and mixed pathologies reflect an accurate comparison of 2 truly separate individual entities. Molecular immunophenotypical features that underlie such diffuse gliomas might provide a more sophisticated understanding of the behavior and prognosis of such entities. Indeed, with the incorporation of molecular markers in the new 2016 WHO classification, mixed oligoastrocytoma no longer exists as a diagnosis, and those with a histopathological appearance of mixed oligoastrocytoma without the 1p19q codeletion are classified simply as diffuse astrocytoma. 32 Altogether, given the substantial diagnostic variability involved with this entity, we refrain from overinterpreting the significance of this finding.
Predictive Value of Tumor Site
After we adjusted for all other covariates, tumor located in the parietal lobe was a significant predictor of both tumor recurrence or disease progression and OS. In the adult oligodendroglioma literature, frontal lobe tumor location has been associated with a more favorable outcome. 15 Adult tumors located in the frontoparietal location were associated with the presence of the 1p19q codeletion, which is a good prognostic marker. 57 Worse outcomes in those with a parietal lobe 7 or centrally located tumor 41 have been reported in studies of pediatric patients. Other studies failed to find a significant association between tumor location and outcome. 13, 42, 63 Shaw et al. 56 determined that tumors in a frontal or parietal location were associated with improved survival, and a small proportion of those cases were of pediatric patients. Bowers et al. 7 hypothesized that regions of eloquent tissue within or approximating the parietal lobe might be less amenable to aggressive debulking, although an association between parietal lobe tumors and extent of resection was not found in their study. In our study, parietal lobe tumors remained a significant predictor after we adjusted for the extent of resection.
Predictive Value of Presentation at Time of Diagnosis
Headache as the initial presentation was a significant predictor of both tumor recurrence or disease progression and death after we adjusted for all other covariates. Headaches (being a common and nonspecific clinical complaint) can be perceived as less concerning to a parent and might galvanize less immediate impetus to seek medical attention, and patients with headache might not be directed to imaging evaluation even after they seek medical attention, which delays the diagnosis.
Another potential contributing factor is that increased intracranial pressure, which commonly manifests as headaches, is associated with high-grade or centrally located tumors, which are more likely to cause noncommunicating hydrocephalus. 7, 63 For example, Rizk et al. 49 found that pediatric patients with anaplasia correlated with a presentation of intracranial hypertension. Moreover, Wang et al. 63 reported that half of peripherally located anaplastic oligodendrogliomas and almost all centrally located tumors presented in patients with headache. In accordance with such findings, both Peters et al. 41 and Puget et al. 44 found that those suffering from a peripherally located tumor experienced a significantly better survival rate than those with a centrally located tumor, and the latter association remained significant even after multivariate analysis. Pollack et al. 42 found that patients with headaches as the presenting symptom had worse outcomes, although this finding did not remain significant after multivariate analysis, and the study population also included patients with astrocytoma.
It is interesting to note that despite the association between high-grade tumors and the presentation of headache, tumor grade was not a predictor of outcome in either univariate or multivariate analysis. This result might partly be because of the substantial interobserver variability and low reproducibility of histological grading of oligodendroglioma, even among experienced neuropathologists, and the discrepant findings regarding the prognostic value of histological grade for patients with oligodendroglioma. 20, 44 In addition, the interstudy variability in the histological classifications used by authors (e.g., WHO, Smith, 11, 46, 49 or Kernohan 56 classification) might have confounded the results further. Last, the poorer prognosis in patients with a centrally located oligodendroglioma and its association with headache might have a stronger overall influence on the lower survival rates than histological grade alone in our study. Moreover, our results might predominantly reflect the findings contributed by the more recent pediatric studies in our meta-analysis by Wu et al., 66 Rodriguez et al., 50 and Creach et al., 11 which in comparison with the other studies had a relatively large sample size and found no significant difference in EFS or OS of pediatric oligodendrogliomas according to histological grade.
Predictive Value of Postoperative RT
The efficacy of postoperative RT in children with lowgrade oligodendroglioma has not been well elucidated. Use of RT might be associated more often with high-grade tumors and incomplete resection, so accordingly, RT was ultimately no longer predictive of outcome when we accounted for these factors in multivariate analysis. Limited data suggest that patients who undergo GTR might not benefit significantly from additional RT, given the extensive progression-free period in those who undergo GTR alone. 24, 41, 42 In patients who undergo STR, the evidence is more equivocal. In their study, Peters et al. 41 found that all 9 children with peripheral low-grade oligodendroglioma who were treated with STR alone remained progression free. Pollack et al. 42 found a significant increase in progression-free survival in patients who underwent additional radiotherapy after STR, but OS remained unaffected. Two other studies reported that patients who underwent STR and radiotherapy experienced a longer OS duration than those who underwent surgery alone, but only a small proportion of those cases were of pediatric patients. 30, 56 In contrast, a number of other studies failed to find that additional RT prolonged OS, although the authors did not stratify their analysis based on the extent of resection. 11, 13, 14, 46 Failure to detect differences might be a result of insufficiently long follow-up duration, given the indolent course of oligodendroglioma, as evidenced further by the equal effectiveness of delayed RT in treating low-grade oligodendroglioma in adults. 15 Leonardi and Lumenta 28 astutely pointed out that the potential benefit of RT is ultimately difficult to ascertain because of the various inclusion criteria of existing studies, including both pure and mixed pathologies, both high-grade and low-grade tumors, different radiation doses, completeness of resections, and performance statuses.
Limitations
The findings of this meta-analysis are potentially limited in a number of ways. The accuracy of the findings from Cox regression analysis is only as reliable as the appropriate adherence to assumptions of the MICE procedure. Specifically, multiple imputation is not a valid assumption if the data are missing not at random (MNAR), which occurs when a missing value depends on an unobserved variable. It is never known with complete certitude if data are MNAR. 19, 58 Given that potential "lurking variables" are unobserved, one can never definitively rule them out. 19 We are unaware of any missing value that depends on an unobserved variable, and as recommended by Gelman and Hill, 19 all possible variables were included in our imputation model to mitigate the possibility of an MNAR mechanism and ensure that the MAR assumption was reasonable. In addition, although we used 10 imputed data sets in our study, more imputations might be preferable to reduce sample variability 58 and increase statistical power. 21 However, because imputing data sets can be computationally demanding and protracted depending on the available computational resources, 3 our rationale for using 10 imputations was a trade-off between reasonable computational times and reaching an adequate number of imputed data sets for analysis, which might have led to an undesirable reduction in statistical power.
Multiple sources of heterogeneity exist among the studies used in this meta-analysis. Most studies used the WHO classification, whereas others used the classification of Smith 11, 46, 49 or Kernohan. 56 Variability in the pathological diagnoses existed between basing the diagnoses on central pathologic review 25 and basing them on pathology reports. As mentioned earlier, it is known that a discordance exists between the extent of resection based on surgical impression and that based on radiological impression, and the criteria for and comparisons of the various extents of resection varied among studies. The definition of pediatric age varied between 18 and 21 years. 50 The rationales and decisions to perform RT, chemotherapy, STR, or GTR also might have differed among the studies. Various and limited durations of follow-up among the studies also contributed to the heterogeneity. Formal and quantitative assessments of the heterogeneity, which typically entail using either the Cochrane Q statistic or I 2 statistic, respectively, require knowing the deviation of each study's test estimate (in this case, the HR) to calculate findings of heterogeneity. However, HRs from a large number of the existing studies were very difficult or impossible to obtain and unlikely to reflect meaningfully accurate findings because they were commonly only 1-to 2-sample-size case reports or a very small case series. Not knowing the presence or degree of heterogeneity hindered our ability to investigate and address it. Rather, several sources of heterogeneity are very likely and were presumed to exist in this study, albeit without statistical evidence to substantiate them. Therefore, interpretation of the findings must be done in the context of the several likely and unaccountedfor sources of heterogeneity, which is a key limitation of our study. Last, all the studies we used were observational in nature and subject to the same biases of retrospective studies, and as with meta-analyses, our study has the potential for publication bias, and any negative findings were less likely accounted for.
Conclusions
In this study, we used an IPD meta-analysis approach to increase statistical power for investigating a disease entity of very low incidence. Multiple imputation was used to address the issue of sporadically missing data that were unavailable and unobtainable from the published study reports. Our study identified several risk factors for a poorer prognosis, including incomplete resection, mixed pathologies, parietal tumor, and headache at the time of diagnosis. Further investigation and confirmation of these findings might be best achieved by collecting multicenter data with standardized clinical parameters, including surgical approach, adjunct therapy, and histopathologic and molecular characterizations.
